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Abstract 
9% Cr ferritic-martensitic steels were developed from the seventies with the aim of coping with the requirements put by the use 
of structural components under compromised service conditions, i.e., elevated temperatures and highly corrosive environments. 
Those conditions are typical in the operation of thermoelectric power plants with fossil fuel; in addition, in the case of 
applications of these materials to structural components in advanced nuclear fission and fusion reactors there are strong 
irradiation fields introducing even more severe restrictions.  
In this paper we study comparatively the transformation behavior of three 9% Cr alloys by using the Differential Scanning 
Calorimetry (DSC) technique, with thermal cycles including heating, austenite holding and cooling at rates between 1.5 and 50 
ºC/min. The starting metallurgical state corresponds to the as-received -that is, normalized and tempered- material. 
Transformation critical temperatures are determined in each case and, in particular, the dependence of those temperatures with 
respect to the cooling rate is examined. At the same time, approximate bounds of the critical cooling rate for martensite formation 
are given and compared between the different alloys. Finally, DSC results are evaluated as compared to literature values and to 
previous results of our laboratory obtained by the dilatometry technique. 
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1. Introduction 
Nomenclature 
CCT Continuous Cooling Transformation  
TTT Time-Temperature-Transformation 
DSC Differential Scanning Calorimetry 
9% Cr martensitic-ferritic steels have been extensively used in manufacturing components for thermal power 
plants, boilers, heat exchangers, piping and tubing, etc., due to an excellent combination of properties such as creep 
resistance, toughness and good performance against oxidation at high temperatures. The continuous improvement of 
properties of 9% Cr materials has allowed a substantial increment of the target performance: a rise in the service 
temperature – which means in turn a higher efficiency of thermodynamic cycles- and higher values of rupture 
strength. From the environmental point of view, a higher efficiency will also mean a reduction of CO2 emissions. In 
Argentine, grade P9 materials –containing approximately 9% Cr, 1% Mo and less than 1% Mn, Si and Ni- are used 
in thermal cracking furnaces in most of the oil refineries in activity. On the other hand, P or T91 materials, which 
also include Nb and V as alloying elements, are used in structural components of conventional thermal power plants 
such as heat exchangers, high pressure overheaters, etc.: in whole, there are 43 thermal machines operating under the 
combined cycle regime and grouped in 21 thermal plants. It must be also pointed out that grade 91 steels are the first 
option as for candidate materials for structural applications in the next generation of nuclear fission reactors, i.e. 
Generation IV reactors; besides, in the last 20 years and on the grounds of P or T91-type materials there have been 
developed the so-called reduced activation steels, foreseen for structural applications in the future fusion nuclear 
reactors. 
1.1. Continuous cooling transformations 
Continuous Cooling Transformation (CCT) and Time-Temperature-Transformation (TTT) diagrams allow 
extracting different parameters that characterize the transformation behavior of steels. In particular, from CCT 
diagrams the values Vm (critical cooling rate for martensite formation) and Vα (critical cooling rate for ferrite 
formation) can be assessed. For fixed austenitizing conditions, these parameters represent, respectively, the 
minimum cooling rate to achieve a fully martensitic structure and the maximum cooling rate to obtain a fully ferritic 
structure. For intermediate cooling rate ranges, in consequence, “duplex” martensite-ferrite structures are obtained. 
The hardenability of the steel can be estimated through the study of the parameters Vm and Vα. Both quantities 
depend on the austenitizing temperature TA (through the influence of that temperature on the austenitic grain size G) 
and on the chemical composition of the matrix; in particular, on the fraction of alloying elements precipitated before
the start of the corresponding transformation during cooling. Thus, CCT diagrams account for the change of Vm and 
Vα as a function of TA (for a fixed chemical composition) or as a function of the chemical composition (for fixed 
TA) (Honeycombe and Bhadeshia (1995); Brachet (1991)). 
The previous literature contains reports on 9% Cr steels using the Differential Scanning Calorimetry (DSC) 
technique. These studies have focused on aspects such as the kinetics of martensitic transformation (Raju et al. 
(2010)), the energetics of transformations under heating and cooling cycles (Raju et al. (2007)) and specific heat 
measurements (Raju et al. (2009)), giving information on the continuous heating and cooling processes.  
The present work reports results on the transformation behavior of three 9% Cr steels (ASTM A213 T9, ASTM 
A335 P91 and ASTM A335 P92) obtained in thermal cycles including heating, austenite holding and controlled 
cooling under fixed austenitizing conditions, paying particular attention to the martensite start temperature Ms. 
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2. Experimental procedure 
The chemical compositions and suppliers of the used materials are shown in Table 1. 
Table 1. Chemical composition (wt. %) and material’s suppliers. 
Steel C Cr Mo W Si Mn S P 
T9 0.12 8.29 0.93 - 0.3 0.52 0.003 0.02 
P91 0.1 8.37 0.88 - 0.24 0.36 0.001 0.014 
P92 0.13 8.72 0.38 1.63 0.24 0.46 0.004 0.016 
 Ni Nb V N B Al Supplier 
T9       V&M France 
P91 0.15 0.075 0.21 0.06  0.009 Dalmine Italy 
P92 0.17 0.06 0.2 0.05 0.002 0.01 V&M France 
The starting metallurgical state in each case was normalized and tempered. Samples were discs ∼3.8 mm in 
diameter and were obtained from tubes of the indicated materials by using a manual punch tool. The mass of each 
sample was about 60 to 70 mg. The thermal contact between samples and sample holders was improved by 
polishing the contact face of each disc. The differential scanning calorimeter used was a Setaram LabSys Evo; the 
instrument was calibrated in temperature and heat flux using the fusion temperatures and fusion enthalpies of the 
following pure metals: Ag, In, Sn, Al, Fe. For each DSC test the furnace temperature, the sample temperature (as 
measured at the bottom of the sample holder) and the heat flux were recorded as a function of time.  
Thermal cycles were designed as follows: first, a heating segment at 5 ºC/min up to 1050 ºC, then austenite 
holding at 1050 ºC for 10 min and finally, controlled cooling at the following cooling rates: 1.5, 2, 3, 5, 10 and 50 
ºC/min. DSC tests were run under argon atmosphere with a 100 ml/min flow.  
Cooling rates were selected taking into account previous information (Carrizo (2012), Xaubet (2013)) so as to be 
able to produce, according to the cooling rate value, one or two transformations, namely, full transformation to 
martensite or incomplete transformation to ferrite followed by transformation to martensite. On the other hand, to 
discard instrumental artifacts in the assessment of some anomalies observed in the thermograms taken at 1.5 and 2 
ºC/min cooling rate values, tests were run for those values in the “blank” condition, i.e., without sample. 
Raw data corresponding to the heat flux vs. temperature curves were processed using the software package 
provided by the instrument manufacturer. Processing included several steps: smoothing, base line determination and 
subtraction, and determination of the onset and offset temperatures, that is, determination of the transformation start 
and transformation finish temperatures for each analyzed peak or anomaly.  
The surface of samples coming from thermal cycles with cooling rate values of 1.5, 2 and 5 ºC/min were also 
prepared with standard metallographic techniques to be observed by optical and scanning electron microscopy. 
Etching was accomplished by using a mixture of the Villela (50 %) and Nital 4 % (50 %) reagents. Samples were 
observed with a Zeiss Supra 40 FEG-SEM belonging to the Center for Advanced Microscopy, School of Exact and 
Natural Sciences, Buenos Aires University. The accelerating voltage was 5 kV and the working distance fluctuated 
between 2 and 3 mm. 
3. Results 
The phase transformations identified for 9% Cr steels in the tested thermal cycles were 
a) on heating: 
i. Ferromagnetic –paramagnetic state transition (Curie point)  
ii. Structural transformation tempered martensite-austenite  
b) on cooling (depending on cooling rate): 
iii. Structural transformation austenite-ferrite  
iv. Magnetic transition (only if previous transformation to ferrite had occurred)  
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v. Structural transformation austenite – martensite  
Fig. 1 shows, as an example of the obtained thermograms, the one corresponding to the complete cycle for the 
ASTM A213 T9 steel cooled at 3 ºC/min. In this cooling rate range, the sample temperature closely follows the 
programmed temperature; a detail of the peaks observed on heating can be seen in Fig. 2. In turn, Fig. 3 displays a 
detail of the peak associated to the martensitic transformation for that steel. The same figure illustrates graphically 
the method used to obtain the transformation start and transformation finish temperatures, that is, the intersection 
between the abscissa axis and the tangents to the calorimetric curve at the inflection points at both sides of the peak.  
On the other hand, Fig. 4(a) exhibits the cooling segments carried out at 1.5, 2 and 3 ºC/min for the T9 steel. It is 
clearly observed the increment of the area of the exothermic peak associated to the martensitic transformation, 
which accounts for the increment of the austenite fraction suffering this transformation. This observation is 
consistent with previous reports for martensitic steels of similar composition (Raju et al. (2010)). Fig. 4(b) shows a 
comparison between tests run with and without (blank) sample for the ASTM A335 P91 steel cooled at 1.5 ºC/min.  
Fig. 1. Thermogram corresponding to the full cycle for the steel ASTM A213 T9 cooled at 3ºC/min. 
Fig. 2. Magnified view of the heating segment for the ASTM A213 T9 steel; heating rate 5 ºC/min. The peaks associated respectively to the Curie 
and austenite transformations are readily seen.  
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Fig. 3. Detail of the peak associated to martensitic transformation (after data smoothing and base line subtraction) corresponding to ASTM A213 
T9 steel cooled at 3 ºC/min. 
Fig. 4. (a) Cooling step (after data smoothing) for the ASTM A213 T9 steel; cooling rates 3, 2 and 1.5 ºC/min; (b) comparison between tests 
without (“blank”) and with sample for the ASTM A335 P91 steel cooled at 1.5 ºC/min. 
Table 2 summarizes the transformation temperatures obtained for each alloy. Different transformations are 
identified by background colors of the cells. The values reported for on heating transformations correspond to the 
average of 5 runs at 5 ºC/min.  
a b 
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Table 2. Transformation temperatures for 9% Cr alloys. h: heating; c: cooling; a: austenite; f: ferrite; m: 
martensite. In the case of the Curie transition, f and p stand for ferromagnetic and paramagnetic respectively. 
Material Transformation Vel. 
(ºC/min) 
Ts (ºC) Tf (ºC) 
ASTM A213 
T9 
Curie f→p (h) 5 745 
m→a (h) 5 826 841 
a→m (c) 50 394 313 
a→m (c) 10 396 335 
a→m (c) 5 394 340 
a→m (c) 3 395 338 
a→f (c) 3 712 529 
a→m (c) 2 399 348 
a→m (c) 1.5 410 342 
ASTM A335 
P91 
Curie f→p (h) 5 746 
m→a (h) 5 831 852 
a→m (c) 50 390 312 
a→m (c) 10 389 340 
a→m (c) 5 391 350 
Curie p→f (c) 3 - 
a→f (c) 3 763 646 
a→m (c) 3 395 353 
a→f (c) 2 886 814 
Curie p→f (c) 2 731 
a→m (c) 2 452 374 
a→f (c) 1.5 904 834 
Curie p→f (c) 1.5 741 
a→m (c) 1.5 - - 
ASTM A335 
P92 
Curie f→p (h) 5 742 
m→a (h) 5 845 864 
a→m (c) 50 361 281 
a→m (c) 10 371 307 
a→m (c) 5 366 317 
a→m (c) 3 367 332 
a→m (c) 2 395 345 
a→m (c) 1.5 411 338 
The Curie temperature was estimated as the one corresponding to the valley (peak) of the curve heat flux vs. 
temperature on heating (cooling), and 5 runs were averaged at the same rate. Finally, Fig. 5 shows the 
microstructure of the P91 steel cooled at 5, 2 and 1.5 ºC/min respectively. Martensitic and ferritic regions are 
distinguished, with a clear increment in the ferrite fraction in diminishing the cooling rate from 5 to 2 ºC/min; for the 
1.5 ºC/min cooling rate the martensite fraction in the sample practically vanishes. The results in Table 2, the 
calorimetric curves and the metallographic observations suggest that the critical cooling rate for ferrite formation in 
our experimental conditions lies between the values 1.5 and 2 ºC/min (90 ºC/h and 120 ºC/h) for the P91 steel, and is 
lower than 1.5 ºC/min (90 ºC/h) for the T9 and P92 alloys.
520   Pablo Reynoso Peitsch and Claudio Ariel Danón /  Procedia Materials Science  9 ( 2015 )  514 – 522 
The two last estimations are consistent with previous reports based on dilatometry tests (Brachet (1991), Xaubet 
(2013)), while in the case of the P91steel the estimation of the critical cooling rate gave values between 50 and 100 
ºC/h (Carrizo (2012)). 
Fig. 5. Microstructure of the ASTM A335 P91 steel after cooling at (a) 5 ºC/min, (b) 2 ºC/min; (c) 1.5 ºC/min. 
4. Discussion 
In the heating segments of the tested thermal cycles, the peaks in the calorimetric curve were identified with no 
ambiguity with the expected transformations, that is, magnetic transformation –associated to the Curie temperature- 
and structural transformation from tempered martensite to austenite. In the cooling segments at high cooling rates 
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(down to 5 ºC/min) the martensitic transformation was clearly observed below ∼410 ºC; instead, cooling at low rates 
(1.5 and 2 ºC/min) showed, besides the characteristic peak of this transformation, anomalies or shifts from the base 
line in the intermediate to high temperature region whose interpretation is not obvious. The comparison between 
runs with and without sample for these cooling rates allowed to conclude that the observed shifts do not correspond 
to instrumental artifacts, and must be assigned to metallurgical effects in the sample being tested (see Fig. 4(b)).  
Metallographic examination gives some clues for hypothesizing on such metallurgical effects in different 
temperature intervals. Thus, it is clear that in the case of the P91 steel the calorimetric curves should account for the 
ferrite formation for cooling runs at rates of 5 ºC/min and lower. Transformation to ferrite is, in principle, an 
exothermic process, while the DSC curves obtained in those cases could be interpreted –depending on the assumed 
base line for the thermogram- as giving place to exothermic or endothermic processes. The base line definition 
adopted in Fig. 6 for the case of the ASTM A335 P91 steel cooled at 1.5 ºC/min results in exothermic shifts that can 
be assigned to the ferrite transformation (between ∼ 903 and 834 ºC) and to the further magnetic transformation (at ∼
741 ºC). Assuming such an interpretation of the calorimetric curve, the ferrite transformation start and 
transformation finish temperatures turn out to be higher than the expected ones and overcome the values obtained on 
heating (see Table 2). At the same time, the existence of a possible exothermic shift or peak preceding the above 
mentioned ones (Fig. 4(b)) is not clear; this peak has not been observed by dilatometry.  
Fig. 6. Magnified view of the cooling segment for the ASTM A335 P91 steel tested at 1.5 ºC/min. Peaks associated to the ferrite and Curie 
transformations, respectively, can be seen. 
On the other hand, the martensite start and martensite finish temperatures obtained from DSC tests showed the 
expected trend as a function of the cooling rate and in agreement with the information in the previous literature. 
Thus, for the three 9% Cr alloys the values in Table 2 account for an increment in the Ms and Mf  temperatures for 
decreasing cooling rates in the low cooling rates region; this trend is summarized in Fig. 7 for the Ms temperature.  
The increment in the Ms temperature is consistent with carbide precipitation –and the consequent diminution of 
the C content in the austenitic solid solution- that accompanies ferrite transformation when ferrite forms before 
martensite, that is, for low cooling rates (from 3ºC/min) (Brachet (1991), Carrizo (2012), Xaubet (2013)). 
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Fig. 7. Martensite start temperature (in ºC) for the T9, P91 and P92 alloys. 
At the same time, it is observed that the Ms diminishes following the progression T9 →P91→P92 in the region of 
cooling rates from 50 ºC/min down to 3 ºC/min. This progression is in qualitative agreement with the trend observed 
by dilatometry (Brachet (1991), Carrizo (2012), Xaubet (2013)) although the Ms values measured by means of that 
technique turn out to be systematically lower –in some 20 ºC- than the ones recorded by DSC in the case of the P91 
and P92 alloys, and comparable in the case of the T9 alloy. 
5. Conclusions 
The DSC technique was used to study the continuous cooling of three 9% Cr steels in the range of cooling rates 
comprised between 50 and 1.5 ºC/min. The obtained results were qualitatively consistent with the information 
available in the literature and with previous results based on dilatometry tests. In addition, some indications of 
information only achievable by calorimetric tests were also obtained; in this sense, some anomalies of the registered 
curves should be still studied in detail in order to have a correct metallurgical interpretation of their origin. 
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